We study single jet production in electron-nucleus collisions e − + N A → J + X, using the 1-jettiness (τ 1 ) global event shape. It inclusively quantifies the pattern of radiation in the final state, gives enhanced sensitivity to soft radiation at wide angles from the nuclear beam and final-state jet, and facilitates the resummation of large Sudakov logarithms associated with the veto on additional jets. Through their effect on the observed pattern of radiation, 1-jettiness can be a useful probe of nuclear PDFs and power corrections from dynamical effects in the nuclear medium. This formalism allows for the standard jet shape analysis while simultaneously providing sensitivity to soft radiation at wide angles from the jet. We use a factorization framework for cross-sections differential in τ 1 and the transverse momentum (P J T ) and rapidity (y) of the jet, in the region τ 1 P J T . The restriction τ 1 P J T allows only soft radiation between the nuclear beam and jet directions, thereby acting as a veto on additional jets. This region is also insensitive to the details of the jet algorithm, allowing for better theoretical control over resummation, while providing enhanced sensitivity to nuclear medium effects. We give numerical results at leading twist, with resummation at the next-to-next-to-leading logarithmic (NNLL) level of accuracy, for a variety of nuclear targets. Such studies would be ideal for the EIC and the LHeC proposals for a future electron-ion collider, where a range of nuclear targets are planned.
I. INTRODUCTION
The discovery of the quark-gluon plasma (QGP) in heavy-ion collisions at RHIC and the LHC, has made possible, for the first time, laboratory studies of quark-gluon matter at the high densities and temperatures that existed only a few microseconds after the Big Bang. One of the key pieces of evidence in the discovery of the QGP was the observed [1] [2] [3] [4] [5] [6] [7] [8] suppression of high transverse momentum hadrons or jets in heavy-ion collisions compared to that in proton-proton collisions. This suppression can be understood in terms of the energy loss [9] [10] [11] [12] [13] [14] [15] [16] experienced by fast-moving partons propagating through the QGP plasma, formed during the heavy-ion collision, before emerging as final-state hadrons or jets. Such nuclear medium effects also induce additional radiation, associated with the energy-loss mechanisms, that can alter the characteristics, such as the overall jet shape, of the observed radiation in the final state. Such a medium modification of jet shape or jet quenching has been proposed in theory [17] [18] [19] and has been investigated at both RHIC and LHC [20] [21] [22] , where the nuclear medium effects are visualized by varying jet-shape parameters such as the jet-cone size.
Studying the medium modification of jet shape and jet production in cold nuclear matter would provide independent tests of energy-loss mechanisms. In addition, it provides new and complementary observables to study phenomena related to cold nuclear matter including shadowing, anti-shadowing, EMC, and fermi-motion effects that affect the properties of nuclear parton distribution functions (PDFs). This can provide complementary information to the analysis of jet quenching associated with the QGP, as well as independent tests of energy loss mechanisms. For example, one of the puzzling results [23] observed at RHIC was that heavy meson production had the same level of suppression as light meson production, even though one expects heavy quarks to be less likely to lose energy due to medium induced effects in the QGP. Similar studies with cold nuclear matter could shed light on this puzzle.
The proposed electron-ion collider (EIC) [24] [25] [26] , aims to conduct detailed studies of electron-ion (e-A) collisions, at higher energies and luminosities than ever before, for a wide range of nuclear targets. Such a facility will be an ideal laboratory for nuclear studies including gathering detailed information on the momentum and spatial distributions of quarks and gluons in the nucleon, the correlations of these distributions with nucleon spin, low Bjorkenx physics and the associated gluon saturation physics, and in particular the effects of the nuclear environment on these properties as well as nuclear medium induced effects on the distributions of hadrons and jets.
A powerful way to complement the nuclear studies mentioned above is through global event shape analyses that characterize the detailed properties of the radiation produced in e-A collisions. In particular, in the study of jet distributions, global event shapes which depend on the properties of radiation throughout the event, can provide complementary information to results based on analyses that focus on the region in and near the boundary of the jet. For example, energy loss in the nuclear medium can produce soft radiation at wide angles from the nuclear beam and final-state jet directions. A global event shape will capture this wide-angle soft radiation in addition to the radiation inside and outside the boundary of the jet. Comparing the distributions for such global event shapes for different nuclei in the e-A collisions can provide vital information on the relevant nuclear dynamics.
The concept of event shapes for deep inelastic scattering (DIS) was first introduced and developed [27] [28] [29] [30] more than a decade ago. Thrust [27] and Broadening [29] distributions were studied at the next-to-leading-log (NLL) level of accuracy and matched at O(α s ) to fixed order results. A numerical comparison was also done against O(α 2 s ) results [31, 32] . Thrust distributions have also been measured at HERA by the H1 [33] [34] [35] and ZEUS [36] [37] [38] collaborations.
In this paper, we use a global event shape called 1-jettiness (τ 1 ) [39] to study single jet 4 production in e-A collisions,
where electron scatters off a nucleus N A with atomic weight A, in the deep inelastic regime to produce one final state jet (J). In such processes, one usually detects the final state electron to determine the virtuality of the exchanged gauge boson. For sufficiently large virtuality of the exchanged gauge boson, the machinery of QCD factorization [40] can be used to separate short-distance physics from non-perturbative effects which are absorbed into long distance parton correlation functions. Alternatively, one can consider jet production where the scattered electron is unobserved. In this case, it is the large transverse momentum of the jet that plays the role of the hard scale in the process. Such a process has been studied in the past in the context of spin-dependent observables [41] .
In this work, we consider the process in Eq. (1) with an additional constraint imposed by the 1-jettiness event shape τ 1 . The use of 1-jettiness as a global DIS event shape was first proposed in Ref. [42] . In particular, we are interested in the differential cross-section
where P J T and y are the transverse momentum and rapidity of the jet J, respectively. The event shape τ 1 restricts the radiation between the final state jet and the nuclear beam directions. In the limit τ 1 → 0, the final state jet becomes infinitely narrow and only soft radiation (of energy E ∼ τ 1 ) is allowed between the nuclear beam and jet directions. Any energetic radiation must be closely aligned with either the beam or jet directions. This is schematically illustrated in Fig. 1 . We restrict ourselves to such configurations by imposing the phase space condition
A factorization and resummation framework for the 1-jettiness DIS event shape, in this region of phase space, was first derived in Ref. [42] The detailed properties of the radiation illustrated in Fig. 1 will be affected by the nuclear target in the process. For example, for larger nuclei one typically expects enhanced hadronic activity between the jet and beam directions. The soft radiation between the beam and jet directions can be affected by jet quenching or energy loss as the jet emerges from the nuclear medium. This is because partons produced in the hard collisions could undergo multiple scattering inside the large nucleus and thus lead to induced gluon radiation [14, 43, 44] when passing through the nucleus to form the observed hadron or jet. While such effects can be studied by varying jet shape parameters, the information about soft radiation at wide angles from the jet is often lost. The main idea advocated in this paper is to study the properties of the observed radiation in Fig. 1 , quantified by distributions in the configuration space 
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For processes with N final state jets, the appropriate event shape is called N -jettiness (τ N ) [39] , corresponding to a generalization of τ 1 for N -jet events. N-jettiness has been studied previously in the context of implementing jet vetoes in hadron collider processes. New physics analyses typically classify data by the number of hard jets observed in the final state. Such jet binning is an effective way to enhance signals over background processes which are often accompanied by additional hard jets. Vetoing additional jets restricts the phase space for additional radiation, giving rise to large jet-veto Sudakov logarithms that can spoil the convergence of perturbation theory. The N -jettiness framework, first introduced in Ref. [39] , allows for vetoes on additional jets in an inclusive manner that facilitates resummation of the jet-veto logarithms. In this framework, the jet-veto logarithms correspond to Sudakov logarithms of the form ∼ α [45, 46] and Higgs production [47] , threshold resummation in gauge boson production with two final-state jets [48] , and the jet mass spectrum for Higgs production with one final-state jet [49] .
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In this work, we apply the technology of the N -jettiness formalism, previously studied for physical processes in hadronic collisions, to electron-nucleus scattering. In this case, the 1-jettiness event shape τ 1 for the process in Eq.(1) is defined as
where the sum is over all final state particles (except the final state electron) with momenta denoted by p k . The null four-vectors q A , q J denote reference vectors along the nuclear beam and jet directions respectively. The choice of Q a and Q J is not unique, so long as they are of the same order as the hard scale in the process. Different choices of Q a , Q J correspond to different definitions of τ 1 , and lead to different geometric shapes for the beam and finalstate jets [49, 50] . One can also appropriately choose Q J as a function of the jet algorithm parameters to produce jets that look very close to the jets arising from commonly used jet algorithms. For example, in Ref. [49] , Q J was chosen to depend on the jet size parameter R to produce jets consistent with the anti-k T jet algorithm. Thus, varying the choices for Q J corresponds to performing a jet shape analysis. One the other hand, keeping Q J fixed while varying τ 1 corresponds to controlling the amount of radiation near the boundary or far away from the jet while keeping the jet algorithm parameters fixed. A jet shape analysis can also be performed by being differential in an extra jet shape parameter, such as the jet mass. In this way, 1-jettiness gives us the flexibility to study jet shapes while also providing sensitivity to soft radiation at wide angles from the jet. In this paper, we work with specific choices for Q a , Q J and leave a jet shape analysis in this context for future work. For specific choices of Q a and Q J , the reference vectors q A and q J can be determined experimentally by a minimization condition [51] such that the optimal choice for q A and q J minimizes the value of τ 1 in Eq. (4) . Such an analysis is similar to that employed for finding the thrust axis for the thrust event shape in e + e − colliders and does not rely on any jet algorithm. Alternatively, q A can be chosen along the beam axis and q J can be determined by employing a standard jet algorithm. However, as we discuss below, in the region τ 1 P J T , the computation of τ 1 is insensitive to the details of the jet algorithm, up to power suppressed terms [39] . This feature gives analytically simpler expressions compared to methods that depend on the detailed properties of the jet algorithm, allowing for an easier implementation of higher order corrections for increased precision.
From the definition in Eq.(4), it becomes clear that energetic particles at wide angles from the beam and jet reference vectors q A and q J make the largest contributions to τ 1 . On the other hand, energetic radiation closely aligned with either q A or q J and soft radiation make relatively small contributions to τ 1 . Thus, the region of small τ 1 , quantified by the condition in Eq.(3), corresponds to a single narrow jet with only soft radiation between the beam and jet directions, as illustrated in Fig. 1 .
In this paper, for the computation of τ 1 in Eq.(4), we make the choices
where x A denotes the nucleus momentum fraction carried by the initial parton that enters the hard interaction. The value of x A can be determined from momentum conservation in terms of the electron energy, P J T , and y and is given later on in Eq. (19) . The reference vector q J is just chosen to be the total jet momentum
corresponding to the massless four-vector constructed for each value of P J T and y in Eq.(2).
The choices for Q a and Q J correspond to twice the energy of the initial parton entering the hard interaction and twice the energy of the final-state jet respectively. Experimentally, the jet momentum P µ J can be obtained by applying any standard jet algorithm and demanding a single jet in the final state. Note that the only information from the jet algorithm used to compute τ 1 , is the jet reference vector q J which only depends on the total jet momentum. In particular, other jet algorithm parameters such as the jet radius R do not enter the definition of τ 1 . Different jet algorithms will in general give different results for the jet momentum P µ J and correspondingly yield a different jet reference vector in Eq. (6) . The result extracted for P J T depends on which final state particles are grouped into the jet by the jet algorithm in question. However, by restricting to the region τ 1 P J T , this jet algorithm dependence becomes power suppressed [39] . This can be understood by recalling that the limit τ 1 → 0 corresponds to an infinitely narrow jet with any additional wide-angle radiation being restricted to be soft (of energy E ∼ τ 1 ). In this region of phase space, different jet algorithms will find the same narrow jet. In other words, different jet algorithms will give the same result for the total momentum of the jet, for events characterized by well-separated narrow jets. Any differences in the jet algorithms are associated with how they treat wide-angle soft radiation which has little impact in determining the total momentum of the final state jet, used for the jet reference vector in Eq. (6) . More quantitatively, differences in the jet algorithms can cause shifts in determining the jet reference vector q J that are suppressed by powers of τ 1 /P J T .
In the theoretical calculation of the observable in Eq. (2), we define the jet momentum as
where the sum is over all final state particles (except the scattered electron) with momenta denoted by p k . This definition of the jet momentum is closely tied with the definition of τ 1 in Eq.(4). In the calculation of τ 1 , all final state particles (p k ) are associated with either the q A or q J directions as determined by the minimization condition in Eq.(4). The jet momentum is then defined as the sum of the particle momenta (p k ) associated with the q J direction, selected by the theta function condition in Eq.(7). The transverse momentum P J T and rapidity y of the jet, appearing in Eq.(2), just correspond to the magnitude of the transverse momentum component and the rapidity of four-momentum P J of Eq.(7). Note 8 that in the region of small τ 1 , the total jet momentum P J as defined in Eq.(7), will differ from that obtained using a standard jet algorithm only by power corrections in τ 1 /P J T , associated with how the jet algorithm treats wide-angle soft radiation. As discussed earlier, different choices of Q a , Q J in Eq. (7) can be made to change the geometric properties of the jet. For example, as one changes Q J in Eq. (7), the set of particles that are grouped into the jet will change. This property can be exploited to perform a jet shape based analysis. In particular, one can study the dependence of P J T as a function of Q J for a fixed value of τ 1 . By choosing Q J as a function of a jet size parameter R [49] , one can study the energy contained in the jet as a function of its cone size. This allows us to probe energy loss near the boundary of the jet while still retaining information on wide-angle soft radiation through the value of τ 1 .
The dynamics of the process in Eq. (1), in the restricted region τ 1 P J T , is dominated by energetic collinear emissions (E ∼ P J T ) along the nuclear beam and final state jet directions and soft emissions (E ∼ τ 1 ) in all directions. A convenient framework for such processes is given by the Soft-Collinear Effective Theory (SCET) [52] [53] [54] [55] [56] [57] , which is a Lagrangian and operator based formulation of the soft-collinear limit of QCD. The SCET naturally separates the physics of the disparate scales τ 1 P J T . A resummation of the Sudakov logarithms ∼ α n s ln m (τ 1 /P J T ) with m ≤ 2n, associated with the restricted radiation or equivalently a veto on additional jets or hard radiation, naturally arises through solutions to the renormalization group (RG) equations in the SCET. For the process in Eq.(1), the SCET framework has a well-defined power counting in the small parameter λ
In the region of τ 1 ∼ P J T , corresponding to allowing hard radiation or additional jets between the nuclear beam and jet directions, resummation effects are no longer important but power corrections can no longer be neglected. In addition, the jet algorithm dependence is no longer suppressed. The regions τ 1 P J T and τ 1 ∼ P J T can be smoothly connected via a matching calculation. In this work, we only focus on the resummation region τ 1 P J T , leaving the matching calculation for future work.
A factorization framework based on the SCET, applicable in the region τ 1 P J T , was first derived for the observable in Eq.(2) in Ref. [42] . In that work, numerical results at the next-to-leading logarithmic (NLL) accuracy were derived for the case of a proton target and the impact of non-perturbative effects in the region τ 1 ∼ Λ QCD were studied. In this work, we extend the numerical results to include a wide range of nuclear targets. In particular, we give numerical results for the nuclear targets: Proton, Carbon (C), Calcium (Ca), Iron (Fe), Gold (Au), and Uranium (Ur). In addition, we extend resummation to the next-to-next-toleading logarithmic (NNLL) level of accuracy. This is the first time that NNLL resummation has been performed for a DIS event shape
1 .
The factorization formula for the observable in Eq.(2) has the schematic form [42] 
where H, B, J, and S denote the hard function, the nuclear beam function, the jet function, and the soft function respectively. The hard function captures the physics of the hard partonic interaction that initiates the final state jet. Similarly, the jet function describes the dynamics of collinear energetic radiation in the final state jet and the soft function describes the low energy radiation throughout the event. The beam function [45, 59] B is a nuclear matrix element and encodes the physics of parton correlations in the initial nucleus, collinear radiation from the initial state, and the beam remnants. The various objects in 1 After the first version of this paper appeared, Ref. [58] appeared and it also studied the 1-jettiness DIS event shape and presented results at the NNLL level of accuracy. Their analysis was restricted to the proton target. They studied three different versions of 1-jettiness for DIS which they denoted as τ a , τ b , and τ c . These different versions correspond to different choices for the reference vectors, used to define the 1-jettiness event shape, and have correspondingly different factorization structures. The event-shape τ a is equivalent to τ 1 , first studied in Ref. [42] and the focus of this paper. τ b was shown to be equivalent to the thrust distribution studied in Ref. [27] and τ c was a new definition of 1-jettiness that is naturally conducive to analysis in the target rest frame.
Eq.(9) have well defined field-theoretic definitions and correspond to the various parts shown schematically in Fig. 1 . In the nuclear beam function B, one can separate the physics of perturbative collinear initial state radiation from the non-perturbative dynamics of the initial state nucleus by performing an operator product expansion (OPE). At leading order in the OPE, the beam function can be written as a convolution between a perturbatively calculable coefficient I and the standard nuclear PDF f A
The OPE is an expansion in the Q 2 s (A)/t a , where Q s (A) is a dynamical nuclear scale and t a ∼ τ 1 P J T denotes the virtuality squared of the initial state parton that enters the hard interaction after being taken off-shell by initial-state radiation. The physics of these perturbative collinear emissions from the incoming parton, after absorbing the non-perturbative collinear emissions into the PDF, is contained in the coefficient I. The dependence of the nuclear scale Q 
where the parameter α determines the scaling of Q s (A) with the the atomic weight of the nucleus. Note that for the simplest case of a proton target (A = 1), the nuclear scale is just
, where R N is the nucleon radius. The power corrections in Q 2 s (A)/(τ 1 P J T ) can allow one to extract information on higher twist parton correlations in the nucleus and the nuclear modification of gluon radiation. Note that the size of the power corrections will increase for heavier nuclear targets as determined by the scaling with the atomic weight in Eq. (11) . The size of these power corrections for a given nuclear target will also increase at smaller values of τ 1 and P J T . Thus, by analyzing the dependence of data on the A, τ 1 , and P J T , one can extract information on the size and properties of the nuclear-dependent power corrections. These power corrections will manifest themselves as deviations from the leading twist results of Eqs. (9) and (10) that have increased effects for heavier nuclear targets and smaller values of τ 1 and P J T . Also, note that while the jet algorithm dependence is suppressed in powers of τ 1 /P J T , the nuclear medium induced effects are suppressed by Q 2 s (A)/(τ 1 P J T ). Thus, for a fixed P J T , by going to smaller values of τ 1 we can reduce the jet algorithm dependence while increasing the nuclear medium effects.
In the region Λ QCD τ 1 P J T , where τ 1 is perturbative, the functions H, J, I, and S are all perturbatively calculable and are independent of the properties of the initial state nucleus. Thus, at leading twist, the only dependence on the nuclear target comes from the nuclear PDF f A and the observable in Eq.(2) becomes a direct probe of the nuclear PDFs. In the region where τ 1 ∼ Λ QCD , the soft function S becomes non-perturbative. This can be understood by recalling that the soft function describes the dynamics of soft radiation with energy E ∼ τ 1 . In this region, a non-perturbative model must be employed for the soft function and its parameters can be extracted by a comparison with data. Note that since the soft function is independent of the nuclear target, it is a universal function. One can exploit this universality to extract the non-perturbative soft function from data for the proton target and then use it as a known quantity for processes with other nuclear targets.
For the purposes of illustration, in Fig. 2 we show the differential cross-section in Eq.(2) as a function of τ 1 and the jet rapidity (y) for a proton target at P J T = 20 GeV and a center of mass energy of 90 GeV. This result includes resummation of the jet-veto Sudakov logarithms at the NNLL level of accuracy. Studying such distributions in the configuration space of {τ 1 , P J T , y} for a wide range of nuclear targets and center of mass energies, can provide detailed information on the structure and dynamics of nuclei. This paper is a first step towards such a program of exploring nuclear physics in exclusive jet production using a global event shape.
In the rest of the paper, we give details of the formalism described in this section. In section II, we describe the kinematics of the process in Eq. (1). We also describe the result for a naive tree-level parton model calculation and discuss how it will be modified by perturbative and non-perturbative effects. In section III, we give details of the factorization formula shown schematically in Eqs. (9) and (10), describe the framework used for the soft function in the non-perturbative region, and discuss power corrections. In section IV, we give numerical results and plots. We make concluding remarks in section V. Various useful formulae and field-theoretic definitions are collected in the appendices at the end of this manuscript. The reader not interested in the technical details of the factorization and resummation framework, can skip section III and go directly to section IV for the numerical results.
II. KINEMATICS
We carry out our analysis in the center of mass frame defined by the electron momentum and the average nucleon momentum in the nucleus. The electron and nucleus momentum, p e and P A respectively, take the form
where A is the atomic weight of the nucleus and the electron momentum satisfies the onshell condition p 2 e = 0 so that the nucleus is also treated as a massless particle P 2 A = 0. We 2 Note that in the earlier work of Ref. [42] , the framework was set up in the electron-nucleus center of mass frame. This differs from the center of mass frame of the electron and average nucleon momentum in the nucleus considered here. The frame defined by Eq. (12) is the one typically used in the experimental analysis, allowing for a more direct comparison.
introduce the quantity Q e which is related to the electron energy as
so that the hadronic Mandelstam invariant s is given by
We introduce the light-cone vector n µ A and its conjugaten µ A so that we can write the electron and nucleus momenta as
The light-cone vectors satisfy n
The final state jet momentum (P J ) is given in Eq. (6) . P J T = | P J T | and y denote the transverse momentum and rapidity of the jet respectively. We denote the light-cone four momentum vector along the jet direction and its conjugate as n J andn J respectively, such that n
III. FACTORIZATION
In this section we give the factorization formula for the process in Eq.(1) in the region τ 1 P J T . This formula is derived using an effective field theory approach as described by the SCET. However, before going into the details of the factorization framework, for illustration and establishing the normalization of the cross-section, we first give the lowest order result for the observable in Eq. (2), using the parton model. The lowest order parton model result
is obtained from tree-level partonic process convoluted with the nuclear PDF. σ 0 is the tree-level partonic cross-section differential in P J T and y
and the partonic Mandelstam variablesŝ,t, andû take the form
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From the momentum conservation conditionŝ +t +û = 0, the momentum fraction x A is given by
Note that from Eqs. (19) and (18), the dependence on the atomic weight A completely cancels out inŝ,t,û. Thus, for all nuclear targets, σ 0 is independent of A and is equal to the partonic cross-section for the case of A = 1. In other words, for the kinematics given by Eq. (12), the A-dependence is isolated into the factor (16), the effective nuclear parton distribution per nucleon.
As seen in Eq. (16), this lowest order parton-model calculation gives a cross-section that is proportional to δ(τ 1 ). This simply corresponds to the fact that at the lowest order the final state involves a jet made up of a single quark recoiling against the final state lepton. A calculation of the 1-jettiness in Eq. (4), for this configuration, trivially gives zero since the only final state particle that contributes is the quark which is exactly in the direction of the reference vector q J . However, this parton model result is not an adequate description since important non-perturbative effects already come into play once τ 1 ∼ Λ QCD . Recall that the soft radiation, schematically shown in Fig. 1 , has energy E ∼ τ 1 and will give rise to non-perturbative effects when τ 1 ∼ Λ QCD . These non-perturbative effects will smear the δ(τ 1 ) distribution in a way that cannot be captured by the naive parton-model calculation. A rigorous analysis requires working within a factorization framework that properly treats the physics associated with the scales τ 1 P J T and incorporates non-perturbative effects. As described earlier, the region τ 1 P J T is dominated by configurations that correspond to a narrow jet with low-energy radiation between the nuclear beam and jet directions. The dynamics of this region of phase is dominated by collinear emissions along the jet and nuclear beam directions and soft emissions in all directions. The corresponding physics can be described by formulating the problem in terms of the SCET. The relevant degrees of freedom are the collinear modes along the nuclear beam and jet directions and the soft emissions with momentum scalings and virtuality given by
where p denotes a generic four-momentum vector, the power counting parameter λ 2 ∼ τ 1 /P J T , and p ⊥A , p ⊥J denote momentum components perpendicular to the beam and jet directions respectively. The beam-collinear modes describe the dynamics of physics along the beam direction, including the beam remnants. Similarly, the jet-collinear modes describe the dynamics of the final state jet. The typical virtuality p 2 ∼ τ 1 P J T of the beam and jet collinear modes is roughly the order of the invariant mass of the final state beam and jet respectively. The soft modes describe the dynamics of soft radiation of virtuality
that is present throughout the event. In the region τ 1 ∼ Λ QCD , the soft radiation becomes non-perturbative. Even at small perturbative values of τ 1 where τ 1 P J T , calculations in fixed order perturbation theory are not reliable due to the presence of large Sudakov logarithms ∼ α n s ln 2n (τ 1 /P J T ) that can spoil the convergence of perturbation theory.
A resummation of large logs and an incorporation of non-perturbative effects can be accomplished via a factorization framework in the SCET. This was recently done, for the observable under consideration, in Ref. [42] . Using the by now standard techniques in the SCET, the factorization formula for the for the kinematics of Eq. (12), is given by
where the nuclear quark beam function (B q ), up to power corrections, is given in terms of
where the I qi are a perturbatively calculable matching coefficients and the index i runs over the initial parton species in the nucleus. The one-loop matching of the quark (and gluon) beam functions were computed in Refs. [45, 47, 63, 64] and are given in appendix B. Note that the argument of the hard function is independent of A, since the A-dependence cancels out in the combination xA when x is evaluated at its value determined by the delta function in Eq. (21) . The soft function appearing in Eq. (21) is defined in terms of the generalized hemisphere soft function [50] as
The generalized hemisphere soft function S(k a , k J , µ; µ S ), appearing on the RHS above, is a function of two kinematic arguments k a , k J , corresponding to the contribution to τ 1 of soft radiation grouped with the nuclear beam and jet directions respectively, as determined by the 1-jettiness algorithm used to calculate τ 1 in Eq.(4). It is also known [50] at the one-loop level in fixed-order perturbation theory.
Eqs. (21) and (22) are detailed versions of the schematic formulae in Eqs. (9) and (10) respectively. The intuitive role of the hard (H), nuclear beam (B q ), jet (J q ), and soft (S) functions were discussed in section I. All of these objects have well-defined field-theoretic definitions. These definitions are given in appendix A for completeness. Furthermore, the functions H, I qi , J q , and S are independent of the nuclear target and this universality can be exploited in nuclear studies. The argument s J of the jet function in Eq. (21) is a measure of the virtuality of the parton initiating the final state jet. Similarly, the argument of the beam function t a is a measure of the virtuality of the initial parton entering the hard scattering. Eq. (22), describes the process by which the initial state parton goes off-shell by an amount p 2 ∼ t a via initial state radiation (along the nuclear beam direction) which shifts the initial momentum fraction from z to x as seen in Eq. (22) . The perturbative coefficient I qi captures the physics of the perturbative initial state radiation. The convolution structure between the hard, beam, jet, and soft functions in Eq. (21) captures the dynamics of the interplay between the soft-collinear factored sectors. The hard, beam, jet, and soft scales µ H , µ B , µ J , and µ S respectively are of typical size
All objects in the factorization forumla are evaluated at a common scale µ. Their evolution from their natural scales in Eq. (24) to the scale µ are determined by their respective renormalization group (RG) equations. The RG evolution between the various scales allows for a resummation of logarithms associated between the scales P J T , τ 1 , and Λ QCD . The evolution equations for the various objects are given by
where
factors, from the scale µ 0 to the scale µ, of the hard, beam, jet, and soft functions respectively. The nuclear PDF f i/A in Eq. (22) is evaluated at the scale µ as determined by the standard DGLAP evolution equations. A collection of useful formulae that determine the various RG evolution equations is given in appendix C.
A. Factorization in position space
The beam, jet, and soft functions that appear in Eqs. (21), (22) and (23) depend on variables in momentum space. One can also rewrite the factorization formula in terms of 16 position space quantities. This can often simplify its implementation since the RG evolution equations become multiplicative instead of the convolution structure seen in Eq. (25) . The momentum and position space functions are related via Fourier transforms as
where the position-space quantities appear on the RHS above and the variables y ta , y J , y ka , y k J are the position space analogs of t a , s J , k a , k J respectively. Note that we use the same notation for a given function and its Fourier transform in order to avoid to much clutter in notation. A given function and its Fourier transform are distinguished by looking at their arguments. The corresponding position space RG evolution equations are multiplicative and given by
where U B (y ta , µ, µ 0 ), U J (y J , µ, µ 0 ), and U S (y ka , y k J , µ, µ S ) are the Fourier transforms of U B (t a , µ, µ 0 ), U J (s J , µ, µ 0 ) and U S (k a , k J , µ, µ 0 ) respectively. The factorization formula in terms of position-space quantities is given by
where we have defined
B. Non-perturbative soft function
In the region where τ 1 ∼ Λ QCD , the soft function becomes non-perturbative since now µ S ∼ Λ QCD as seen in Eq. (24) . In this region, the soft function cannot be computed using perturbative techniques. In this case, a soft function model can be introduced for phenomenological purposes and the parameters of the model can be extracted from data. As seen in Eq.(A8), the field-theoretic definition of the soft function is independent of the nuclear target. This universality can be exploited to extract the soft function from data collected with a proton target and used an a known quantity in for analysis with other nuclear targets.
We treat non-perturbative effects with a phenomenological model for the soft function. In particular, we write the momentum-space generalized hemisphere soft function, that appears in Eq. (23), as a convolution [65, 66] of the partonic soft function (S part. ) and a model function (S mod. ) as
The model function satisfies the normalization condition
The partonic soft function S part. is simply the result of the perturbative computation of the soft function. The model function S mod. (k a , k J ) is typically chosen to peak around k a,J ∼ Λ QCD , so that as expected for τ 1 Λ QCD , the soft function reduces entirely to S part. up to power corrections in Λ QCD /τ 1 . This can be seen by noting that the since dominant contribution of S mod. comes from its peak region k a,J ∼ Λ QCD and the typical scaling of the soft momenta in the perturbative region is k a,J ∼ τ 1 Λ QCD , an OPE of the partonic soft function can be performed in the limit k a,J k a,J to get
where the normalization condition in Eq.(31) was used to obtain the first term above. Thus, as expected, in the perturbative region τ 1 Λ QCD the model soft function of Eq.(30) reduces to the perturbative result S part. and the model dependence arising through S mod. is power suppressed.
The scale dependence of the soft function in Eq.(30) is contained entirely in S part. . There is no scale dependence in the model function S mod. . Since S part. is just the perturbative soft function, the convolution structure Eq.(30) correctly reproduces the perturbative scale dependence of the soft function.
The soft function in position space S(y τ , y τ , µ), that appears in Eq. (28) and is related to the momentum space soft function via Eq. (26) , is correspondingly modeled using Eq.(30) as
We can further simplify by writing the momentum-space partonic soft function that appears above in terms position-space partonic soft function as
Combining Eqs. (33) and (34), the convolution in Eq.(30) becomes a simple product in position space
where the position-space model function S mod. (y τ , y τ ) given by
Further simplifications can be made by changing the variables of integration in Eq. (36) . In particular, we introduce new integration variables u, ζ, defined as
to rewrite the position-space model soft function S mod. (y τ , y τ ) as
The integration over the ζ variable can be perfomed to define a new single-variable function F mod. (u) and its position space version F mod. (y) as
Using Eq.(39) in Eq.(38), the position-space model soft function S(y τ , y τ , µ S ) takes the form
Using the above relation for the soft function that appears in Eq.(28), the factorization formula in terms of position-space quantities, including a parameterization of soft nonperturbative effects, takes the form
C. Power corrections
The factorization formula of Eqs. (21) and (22) and its equivalent form in terms of positionspace quantities in Eq. (28), is valid at leading order in the power counting of the SCET. Several types of power corrections can arise and we discuss their impact on the τ 1 -distributions. The sizes of the power corrections, in the effective theory language, are characterized by ratios between the scales µ H , µ B , µ J , µ S , and Q s (A). The scalings of µ H , µ B , µ J , and µ S are given in Eq. (24) . Q s (A) is a dynamical scale, often referred to as the saturation scale [67] , associated with multiple scatterings in the nuclear medium. It depends on the atomic weight (A) of the nucleus and its size is typically given by Eq. (11) , where the value of α determines the power law dependence. If there is no color exchange between the nucleons in the nucleus, α ∼ 1/3 [60] [61] [62] corresponding to the path length available for the jet parton to have multiple scattering in the nucleus. For the simplest case of the proton, Eq. (11) A systematic analysis can be performed in the SCET to derive the operator structure of the various power corrections. We leave such an analysis for future works, where we will study in detail how the multiple scattering induced gluon radiation in the final state will alter the radiation pattern, in particular the τ 1 distribution. At the moment we discuss nuclear-dependent power corrections, that depend on Q s (A), and how they may be probed through measurements of τ 1 -distributions. As seen in Eq.(A7), the beam function is nuclear matrix element and is the only source of nuclear target dependence in the factorization formula of Eq. (21) . An operator product expansion (OPE) in Q s (A)/t a can be performed on the beam function where the leading term is given by a perturbative function convoluted with the standard PDFs as shown in Eq. (22) . However, higher order terms in the OPE lead 20 to the more general form of the beam function
where the power corrections in Q 2 s (A)/t a are associated with higher twist nuclear matrix elements. Recall that the beam function argument t a ∼ µ 2 B ∼ τ 1 P J T , gives the virtuality of the initial parton that goes off-shell via initial state radiation before entering the hard interaction, as explained in section III. Thus, the power correction to the beam function has a scaling
Note that this power correction has a dependence on the nuclear atomic weight through the factor of A α . Thus, for heavier nuclei, the effect of these of power corrections is expected to be larger. A detailed study of τ 1 distributions over a wide range of nuclear targets can probe these nuclear-dependent power corrections. In particular, these power corrections will lead to deviations from prediction of the leading twist factorization given by Eqs. (21) and (22) and these deviations are expected to be larger for heavier nuclei. Also, note that the scaling of this power correction goes like ∼ 1/(τ 1 P J T ) compared to the typical scaling of 1/P 2 J T associated with power corrections to the hard function. This corresponds to the fact that this power correction is probing multiple scattering or nuclear modification at the beam scale µ B ∼ τ 1 P J T .
Power suppressed nuclear effects can also arise from multiple hard scatterings in the nuclear medium. These will arise as power corrections to the hard function and after the soft-collinear decoupling will give rise to higher twist nuclear beam functions, which will then be matched onto higher twist nuclear parton correlation functions. However, these types of nuclear-dependent power corrections have an additional suppression of ∼ 1/P 2 J T . Thus, the dominant nuclear power corrections will arise from Eq. (42) .
From Eq. (43) we see that the nuclear-medium-induced power corrections get larger for smaller values of τ 1 . On the other hand, the jet algorithm dependence is suppressed by powers of τ 1 /P J T . Thus, the 1-jettiness formalism has the advantage that in the region of small τ 1 , one can study the enhanced nuclear-medium-induced power corrections without much sensitivity to uncertainties typically associated with implementing the details of a jet algorithm.
IV. NUMERICAL RESULTS
In this section, we present numerical results for the differential cross-section in Eq.(2). We present results for a range of nuclear targets: Proton, Carbon (C), Calcium (Ca), Iron (Fe), Gold (Au), and Uranium (Ur). The results are at leading order in the SCET power counting parameter λ 2 ∼ τ 1 /P J T and include a resummation of large logarithms in τ 1 /P J T up to the next-to-next-to-leading logarithmic (NNLL) level of accuracy, using the convention in Table 1 of Ref. [47] for determining the order of resummation. In the region τ 1 Λ QCD , the numerical results are determined entirely in terms of perturbatively calculable functions and the nuclear PDFs. While the nuclear-size enhanced power corrections discussed in Sec. III C will be left for future work, we study in detail the nuclear modification coming from the leading twist nuclear PDFs. For the purpose of generating numerical results, we use the EPS09 nuclear PDF sets from the analysis of Ref. [68] . We also give results in the region where τ 1 ∼ Λ QCD where the soft function becomes non-perturbative. In this region, we use a phenomenological model for the non-perturbative soft function, as described in section III B, and show that while different model parameter choices lead to different predictions in the τ 1 ∼ Λ QCD region, they all converge to the perturbative result for τ 1 Λ QCD as required. Eqs. (21) and (22), corresponding to the detailed version of the schematic formulae given in Eqs. (9) and (10) respectively, give the master factorization formula for the leading-twist numerical results presented in this section. Power corrections will appear in the data as deviations from the leading twist predictions. The scaling of such deviations with {A, τ 1 , P J T } were discussed in section III C and are expected be larger for heavier nuclei. Thus, in addition to probing nuclear PDFs, the leading twist numerical results presented in this section can serve as a baseline to probe nuclear power corrections.
A. Nuclear PDFs and master formula
In order to generate numerical results, the nuclear PDFs f i/A (Z, µ), appearing in the factorization formula in Eqs. (21) and (22), must be modeled and extracted from data. In the factorization formula, no assumption is made about the form of the nuclear PDF. The parametric form of nuclear PDFs, their connection to nuclear structure, and the extraction from data is still an active area of research [68] [69] [70] [71] [72] [73] . In this work, we use the EPS09 nuclear PDFs from the analysis of Ref. [68] to generate numerical results and plots. Such an analysis can be repeated for different parameterizations of the nuclear PDFs and it will be interesting to study the resulting differences. We leave such a comparative study for future work and limit our analysis to only working with the PDF sets in Ref. [68] . Before presenting the numerical results, we describe the form of these nuclear PDFs and how they can be incorporated into the factorization formula in Eqs. (21) and (22) .
The momentum fraction z, appearing in the nuclear PDFs f i/A (z, µ) in Eq. (22), is such that at z = 1 the initial parton i carries the entire momentum of the nucleus. Typically, models of the nuclear PDF are such that the momentum of a parton in the nucleus does not exceed that of the nucleon in which it is bound. In its implementation, this corresponds to the assumption that the nuclear PDF falls of rapidly for z > ∼ 1/A, corresponding to the intuitive expectation that average nucleon momentum in the nucleus is about a factor of 1/A smaller than the total nucleus momentum. The simplest way to incorporate this picture is to view the nuclear PDF as a sum of free-nucleon PDFs in the nucleus, modified by nuclear correction factors. After incorporating isospin symmetry, so that the u and d quarks of the proton PDF are the same as the d and u quarks of the neutron PDF respectively, the nuclear PDFs take the form [68] 
where the f i/p (x, µ) are the standard free-proton PDFs, the R A i (x, µ) denote nuclear correction factors arising from nuclear effects on a proton bound in the nucleus, and the nuclear PDFs f EP S09 u/A (x, µ) are defined with an overall normalization factor of 1/A to give the effective nuclear PDF per nucleon. Note that the f EP S09 i/A (x, µ) vanish for x > 1 since they are given by linear combinations of the proton PDFs f i/p (x, µ). The argument x in Eq. (44) corresponds to the parton momentum fraction of the average nucleon momentum in the nucleus. On the other hand, the momentum fraction z in Eq. (22), corresponds to the parton momentum fraction of entire nucleus. As result, the EPS09 PDFs f 
Since f EP S09 i/A (A z, µ) vanishes for A z > 1, the upper limit of the range of integration for z, becomes 1/A. Using the relation in Eq.(45), the factorization formula in Eqs. (21) and (22) can be brought to the relatively simple form
where the subscript EPS09 on the differential cross-section indicates that the factorization formula has been written in terms of the EPS09 nuclear PDFs. Note that the dependence of the cross-section on the nuclear target is contained entirely in the nuclear PDF f By looking at the region of small Bjorken-x, the different curves from the bottom to the top correspond to µ = 3 GeV (Green), µ = 5 GeV (Blue), µ = 10 GeV (Red), and µ = 20 GeV (Purple). These plots were generated using publicly available code for the EPS09 PDF set [68] .
has the simple interpretation of electron-proton scattering at a center of mass energy of s = Q 2 e where the proton PDF has been dressed for nuclear corrections via the replacement
. This result is a consequence of the kinematics of Eq.(12), the relation in Eq. (45) , and the property that f EP S09 i/A (A z, µ) vanishes for A z > 1. The lower limit of integration (x * ), over the argument of the nuclear PDF f (46), is given by
The corresponding range of integration [x * , 1] is then determined by the choice of the kinematic variables {Q e , P J T , y}, defined in section II. Thus, one can access smaller values of Bjorken-x by increasing Q e and decreasing P J T and y. close to one. In Fig. 3 , we show numerical results for the nuclear correction factors R A i for the NLO PDFs in Eq. (44) for the case of a Uranium target (A = 238, Z = 92). From these results, generated using the publicly available code for the EPS09 PDF set [68] , we see that the shape of the R A i factors clearly show the distinct regions in Bjorken-x that are dominated by shadowing, anti-shadowing, the EMC-effect, and Fermi motion. These different regions can be probed by appropriate choices for the kinematic variables Q e , P J T , and y to determine the lower limit x * of the Bjorken-x integration, as determined by Eq. (47) .
In order to illustrate the effects of the nuclear correction factors R A i (x, µ) on the crosssections, in Fig. 4 we first consider the ratio of the luminosity functions, that appear in the tree-level cross-sections (see Eqs. (16) and (45)), for a nucleus A compared to the case of a proton target
The luminosity functions appearing in the ratio above are identical to the luminosity functions for fully-inclusive deep inelastic scattering at tree-level. Using Eq. (44) for the nuclear PDF f EP S09 q/A (x, µ), one can study the effect of the nuclear correction factors R A i (x, µ) on the ratio of the tree-level cross-section for a nucleus A compared to that of a proton target, through luminosity ratio in Eq. (48) . In Fig. 4 , we show this luminosity ratio for the case of a Uranium target (A = 238). We see that it captures the qualitative features of shadowing, anti-shadowing, EMC effects, and Fermi motion as seen in the nuclear correction R-factors in Fig. 3 . However, the anti-shadowing region is completely washed out due to the isospin effect so that R A L < ∼ 1 in the anti-shadowing region.
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B. Distributions in τ 1 , P J T , and y Once higher order perturbative effects, resummation effects, and non-perturbative effects from soft radiation are included, the cross-section is more complicated and is given by Eq. (46) . In this case, a simple comparison of the the tree-level luminosity ratio in Eq. (48) is no longer sufficient. Instead, a comparison of the predictions from the cross-section formula in Eq. (46) for different nuclear targets must be carried out and is the focus of the rest of this section. In particular, we give numerical results for a variety of nuclear targets and kinematic configurations in {Q e , τ 1 , P J T , y} and discuss their implications.
Theoretical uncertainties to the factorization formula in Eq. (46) will arise from a truncation of the perturbative series in the calculation of the hard (H), jet (J), beam (I), and soft (S) functions, higher order resummation effects not included at a given level of resummation accuracy, and non-perturbative effects in the soft function (S). In addition, theoretical predictions will be affected by the standard PDF uncertainties. Corrections to Eq.(46) will also arise from the power corrections discussed in section III C. If one is interested in probing these power corrections, the uncertainties mentioned for the leading twist formula of Eq.(46) must be sufficiently under control.
In order to isolate nuclear effects we will compute the ratio
which compares distributions in τ 1 , P J T , and y for a nuclear target with atomic weight A to that of a proton target. In addition to the isolation of nuclear-dependent effects, the ratio R A has the advantage that many of the uncertainties in the calculation of dσ A and dσ p , as determined by Eq. (46), cancel in the ratio. In particular, we will show that the perturbative uncertainties associated with resummation and the calculation of the hard, beam, jet, and soft functions in fixed-order perturbation theory largely cancel in the ratio, leading to much smaller overall uncertainty for R A . We also show that in the region τ 1 ∼ Λ QCD where the soft function S is non-perturbative, the dependence on the phenomenological model implemented to describe S largely cancels in the ratio R A . This can be understood as a consequence of the fact that the soft function S in Eq. (46) is universal and independent of the nuclear target. In order to estimate the perturbative uncertainty, we employ a standard scale variation procedure. As seen in Eq.(46), the cross-section depends on a hard function, beam function coefficient, jet function, and soft function which naturally live at the scales µ H , µ B , µ J , and µ S respectively. The typical size of these scales are given in Eq. (24) . All of these objects are evaluated at the common scale µ using their renormalization group equations to evolve from their natural scales. We perform a scale variation analysis similar to that carried out in Ref. [46] . The nuclear PDFs are evaluated at the beam scale µ B corresponding to the scale at which the beam function is matched on to the nuclear PDF as shown in Eq. (22), or more schematically in Eq. (10). We compute the cross-sections by choosing µ = µ H and make four independent choices for the relative values of the scales µ H , µ B , µ J , and µ S
where ξ is given in Eq. (29) and r denotes the scale variation parameter. For each of these choices, the scale variation parameter r is varied in the range r = {1/2, 2}. One can estimate the perturbative uncertainty by adding in quadrature the uncertainty associated with the variation of each of the scales µ H , µ B , µ J , and µ S or by analyzing the covariance matrix. However, for simplicity, in this work we estimate the perturbative uncertainty as the envelope [46, 47] of the independent scale variations in Eq.(50). These two methods are expected to give similar results and a more detailed discussion can be found in [74] .
In Fig. 5 , we show numerical results for the τ 1 distribution for a proton target. The factorization formula of Eq.(46) was used to calculate this distribution for the kinematic configuration given by Q e = 90 GeV, P J T = 20 GeV, and y = 0, corresponding to typical EIC kinematics [24] . As discussed earlier, the τ 1 -distribution is affected by large Sudakov logarithms α n s ln 2n (τ 1 /P J T ) in the region τ 1 P J T , so that the results of fixed order perturbation theory are no longer reliable and resummation is required. These Sudakov logarithms are associated with the veto on additional jets, enforced by the condition τ 1 P J T which restricts radiation between the hard jet and the nuclear beam direction to be soft (E ∼ τ 1 ), as shown in Fig. 1. Fig. 5 shows the result for the τ 1 -distribution after a resummation of the jet-veto logarithms. In particular, the red (lower) and green (upper) bands correspond to resummation at the NLL and NNLL level of accuracy respectively. The NLL resummation corresponds to NLL resummation combined with the product of the hard, beam, jet, and soft functions computed at NLO and using NLO PDFs. A summary of the counting of logs for resummation at different levels of accuracy can be found in Table 1 of Ref. [47] . The red (lower) and green (upper) bands in Fig. 5 , are obtained from the envelope of the scale variations in Eq. (50) . For reference, we show solid and dashed black curves corresponding to the scale choices (a) in Eq.(50) for r = 1, for NNLL and NLL resummation respectively. We show ratio R A = dσ A /dσ p in the τ 1 distributions for various nuclear targets compared to the case of the proton target. For easier visual comparison, we show the results for Carbon (C) and Uranium (Ur) together in subfigure (f). These results include resummation at the NNLL level of accuracy and are calculated at Q e = 90 GeV, P J T = 20 GeV, and y = 0, corresponding to the EMC region of the nuclear PDFs.
The red-dotted curve corresponds to the upper envelope of the NLL (red) band, part of which is hidden by the NNLL (green) band. Fig. 5 shows the behavior of the cross-section as one implements jet veto by restricting radiation at wide angles from the final-state jet and nuclear beam directions. As τ 1 gets smaller, the final-state jet becomes narrower and wide-angle radiation becomes softer. The enhancement of the cross-section at small τ 1 is a consequence of the cross-section being dominated by collinear emissions along the nuclear beam and final-state jet directions and soft emissions everywhere. In fact, the behavior of the cross-section in fixed order pertur- bation theory is singular in the limit τ 1 → 0. It is the resummation of the jet-veto Sudakov logarithms α n s ln 2n (τ 1 /P J T ) that tames the behavior of the cross-section at small τ 1 .
Hard remissions between the nuclear beam and final state jet directions are allowed for larger τ 1 ∼ P J T . These emissions are perturbartively suppressed and are not accompanied by large Sudakov logarithms. This part of the spectrum can be described by fixed order perturbation theory. A matching calculation is required to smoothly connect the resummation region τ 1 P J T with the fixed-order perturbation theory region τ 1 ∼ P J T . We leave such a matching calculation for future work as the focus of this paper is on the resummation region. For this reason, Fig. 5 is restricted to the region of small τ 1 . We have also not have We show ratio R A = dσ A /dσ p in the rapidity (y) distributions for various nuclear targets compared to the case of the proton target. For easier visual comparison, we show the results for Carbon (C) and Uranium (Ur) together in subfigure (f). These results include resummation at the NNLL level of accuracy and are calculated at Q e = 90 GeV, P J T = 20 GeV, and τ 1 = 1.5 GeV, corresponding to the EMC region of the nuclear PDFs.
shown the region τ 1 < 1 GeV, since in this region the soft function S in Eq. (46), evaluated at the soft scale µ S ∼ τ 1 , is affected by non-perturbative effects. We give numerical results for this non-perturbative soft region in section IV C.
In Fig. 6 , we show the τ 1 distributions with resummation at the NNLL level of accuracy for a variety of nuclear targets. In all plots, the green (upper) band corresponds to the τ 1 -distribution for a proton target and the lower bands in various colors correspond to distributions for heavier nuclear targets. In Fig. 7 , we show the ratio R A of Eq. (49) as a function of τ 1 for various nuclei at Q e = 90 GeV, P J T = 20 GeV, and y = 0. The scale variation bands in Fig. 7 are obtained by computing the ratio R A using the same scale choices in dσ A and dσ p and then finding the envelope of the scale variations in Eq. (50) . This procedure corresponds to the fact that the scales µ H , µ B , µ J , µ S , with typical scalings in Eq. (24) , are determined by dynamics that are independent of the nuclear target. The nuclear dependence only arises through the structure of the nuclear PDF which is evaluated at the beam scale µ B . As expected, the scale variation uncertainty is dramatically reduced in the ratio as seen by comparing Figs. 6 and 7. From Figs. 6 and 7, we see that the cross-sections for heavier nuclei are generally suppressed relative to the proton. This can be understood by noting that for Q e = 90 GeV, P J T = 20 GeV, and y = 0, Eq.(47) gives x * 0.3 for the lower limit of integration over Bjorken-x in Eq. (46) . From Figs. 3 and 4 , we see that this corresponds to probing the nuclear PDFs in the EMC region. In this region the parton density in a proton bound inside a nucleus is suppressed compared to that of a free proton. As seen in Fig. 7 , the EMC effects are larger than the perturbative uncertainty quantified by the scale variation procedure. Thus, the ratio R A as a function of τ 1 can be a sensitive probe of such EMC effects.
In Fig. 8 we show the rapidity distributions for various nuclear targets with NNLL resummation at Q e = 90 GeV, P J T = 20 GeV, and τ 1 = 1.5 GeV. Once again, in all figures the green (upper) band corresponds to the rapidity distribution for a proton target and the lower bands in various colors correspond to heavier nuclear targets. Here also we see the characteristic suppression for heavier nuclei compared to the proton target. This is shown more quantitatively in Fig. 9 , where we show the ratio R A in Eq. (49) as a function of ra-pidity for various nuclei at Q e = 90 GeV, P J T = 20 GeV, and τ 1 = 1.5 GeV. The scale variation uncertainty is given by the width of the curves and once again we see a dramatic reduction of the perturbative uncertainty in the ratio R A . The size of the suppression in the jet rapidity distributions for heavier nuclei, provides another measure of nuclear effects. As seen in Fig. 9 , the deviation of R A from unity gets larger for increasing jet rapidity (y). This can be understood by noting that the value of x * , as determined by Eq. (47), increases with the jet rapidity y. For the kinematics chosen, at y = 0 we have x * 0.3 and for larger values of y we have correspondingly x * > 0.3. From Figs. 3 and 4 we see that for increasing y, we are sensitive to the nuclear PDFs deeper into the EMC region. On the other hand, for more negative values of the jet rapidity y, we start becoming sensitive to the anti-shadowing region. As seen in Fig. 4 , in the anti-shadowing region, the parton luminosity function of a bound proton is more similar to that of a free proton. Thus, as one goes to more negative values of the y, one is sensitive to both the anti-shadowing and the EMC regions so that the net effect is a smaller suppression. The jet rapidity range y ∈ [−1, 1], covered in Figs. 8 and 9, corresponds to the range x * ∈ [0.2, 0.7]. The overall effect can be summarized by a decreasing R A for increasing y, as seen in Fig. 9 . Note that this is in contrast to the τ 1 distributions in Fig. 7 where R A is relatively flat as one varies τ 1 . This can be understood by noting from Eq. (47) , that the value of x * is independent of τ 1 , so that we are probing the same regions in the nuclear PDFs for different values of τ 1 . There is however a small indirect dependence on τ 1 through the convolution structure in Eq. (46) which can affect the weighting of the different regions in Bjorken-x.
In Fig. 10 we show the P J T distributions for various nuclei at Q e = 90 GeV, y = 0, and τ 1 = 1.5 GeV. Here also we see that the cross-section is suppressed for heavier nuclei compared to the proton due to the EMC effects that suppress the parton density in nucleons that are bound inside the nucleus. In Fig. 11 , we show the ratio of the P J T distributions of heavier nuclei to the that of the proton. The scale variation is again dramatically reduced in the ratio and is given by the width of the curves. We see that the relative difference in the cross-sections for heavier nuclei and the proton grows with increasing P J T . This is again a consequence of Eq. (47) which shows that the value of x * grows with P J T . For P J T in the range [10 GeV, 20 GeV], x * takes on values in the range ∼ [0.1, 0.3] respectively. From Fig. 4 we see that for P J T = 10 GeV we are closer to the anti-shadowing region where the parton luminosity for nucleons in heavier nuclei is similar to that of a free proton. For P J T = 20 GeV, we are well into the EMC region where there is a significant suppression in the parton luminosity in heavier nuclei. As a result, we see the characteristic shape of R A as a function of P J T which indicates an increased suppression for increasing P J T .
In the numerical results presented so far, the kinematic configurations chosen were sensitive to the anti-shadowing and EMC regions in Figs. 3 and 4 . One can also probe lower regions in Bjorken-x, such as the shadowing region, by choosing the appropriate kinematics. For illustration, in Fig. 12 we show the ratio R A as a function of P J T for a Uranium target We show the ratio of P J T distributions for Uranium relative to the proton for Q e = {90, 120, 140, 300, 800} GeV, τ 1 = 1.5 GeV, and y = 0. The different choices of Q e probe different ranges in Bjorken-x, as seen from Eqs. (46) and (47), yielding the different sizes and shapes for
at y = 0 and τ 1 = 1.5 GeV for the five different values Q e = 90, 120, 140, 300, 800 GeV. As seen from Eq.(47), by increasing Q e , one can probe lower values of x * . For example, at Q e = 300 GeV and P J T = 5 GeV we have x * 0.02 which is in the shadowing region as seen in Figs. 3 and 4 . Thus, for this kinematic choice, the integration over Bjorken-x in Eq. (46) covers the shadowing, anti-shadowing, and EMC regions. For Q e = 800 GeV, corresponding to LHeC kinematics, x * 0.006 for P J T = 5 GeV and x * 0.025 for P J T = 20 GeV so that might start to probe small-x saturation physics (see Ref. [75] for a recent review). In this case, large-x physics can be isolated by going to much larger values of P J T . Thus, the size and shape of the ratio R A as a function of P J T and Q e can be a useful way to probe nuclear (51) and (54) . The top (bottom) two curves are for the proton (Uranium) target. In sub-figure (b) we show the ratio R A = dσ A /dσ p as a function of τ 1 for the Uranium target using the soft function model I (II) as denoted by the solid red (dashed blue) curves. This plot shows that the model dependence of the soft function (seen in sub-figure (a)) largely cancels out in the ration R A since the solid red (dashed blue) curves, corresponding to models I (II) respectively, largely overlap. The plots are for the kinematic configuration Q e = 90 GeV, P J T = 20 GeV, and y = 0.
PDFs in different regions of Bjorken-x. Similar results can be obtained for distributions in the jet rapidity y and τ 1 as a function of Q e .
The numerical results in Figs. 6 through 12, demonstrate that distributions in τ 1 , P J T , and y for various nuclei and different values of Q e , can be a powerful probe of nuclear PDFs, complementary to measurements of structure functions in inclusive deep inelastic scattering. Thus, a systematic program that measures distributions of various nuclei in the configuration space of {Q e , τ 1 , P J T , y} can yield detailed information about nuclear structure.
As discussed in section III C, these distributions will also be affected by power corrections. The scaling of these power corrections with the kinematic variables and their dependence on the nuclear targets was also discussed. In particular, the dominant nuclear-dependent power corrections have a kinematic scaling ∼ 1/(τ 1 P J T ) rather than the typical scaling ∼ 1/Q 2 (where Q is the hard scale) in fully inclusive deep inelastic scattering. Using this information, deviations in the data from the leading twist predictions of Eq. (46) can be used as a probe of power corrections. In particular, the size of these deviations as a function of {A, Q e , P J T , y, τ 1 } can provide detailed information on the behavior and size of the power corrections. Such a detailed study of power corrections is left as future work.
C. Non-perturbative soft radiation effects
In the numerical results presented so far, we have restricted to the region τ 1 > 1 GeV so that the soft function S in Eq.(46) remains perturbatively calculable. The soft function S, which describes the dynamics of soft radiation with energy E ∼ τ 1 , naturally lives at the scale µ S ∼ τ 1 . Thus, in the region τ 1 ∼ Λ QCD the soft function becomes non-perturbative. As discussed in section III B, for phenomenological purposes we implement a model for the soft function, as shown in Eqs. (30) and (31) , as a convolution between the perturbative soft function S part. and a model function function S mod. . As explained in section III B, such a parameterization has the property that for τ 1 Λ QCD the soft function model reduces to the perturbative result S part. as desired. From Eqs.(30) through (41) , the soft function model can be parameterized by the function F mod. which is related to S mod. as in Eq. (39) . For the purposes of generating numerical results, we employ the parameterization
where the values of the parameters a, b, Λ determine the model. The normalization N (a, b, Λ) is chosen to satisfy the condition
which is equivalent to the normalization condition in Eq. (31) . The parameters a, b, Λ are chosen so that F mod. peaks in the region u ∼ Λ QCD , which ensures that the soft function reduces to the perturbtive result for τ 1 Λ QCD up to power corrections in Λ QCD /τ 1 , as explained in the discussion around Eq. (32) .
For the soft scale µ S appearing in S part. in the soft function model of Eq.(30), we make the choice
with τ min 1 = 1 GeV. This choice has the property that in the limit τ 1 → 0 the soft scale in S part. remains perturbative µ S → 1 GeV. For τ 1 τ min 1 , the soft scale reduces to µ S ∼ τ 1 . In Fig. 13 (a) , we show the τ 1 -distributions for a proton and Uranium target in the region that includes τ 1 ∼ Λ QCD at Q e = 90 GeV, P J T = 20 GeV, and y = 0. Two curves are shown for the proton (top two curves) and Uranium (bottom two curves) targets. The two curves for each target correspond to using the two sets of model parameters 
where Model I and Model II correspond to the solid-red and blue-dashed curves respectively in Fig. 13 (a) . We see that for small values of τ 1 ∼ Λ QCD , there is a significant difference in the distributions. However, in the region τ 1 > 1 GeV, the curves for models I and II converge to the perturbative result as expected.
Since the soft function is universal and independent of the nuclear target, the model parameters a, b, Λ can be extracted from measurements of the τ 1 distributions in the region τ 1 < 1 GeV using a proton target. Similarly, one can also measure distributions in y and P J T in the region τ 1 ∼ Λ QCD in order to extract the soft function parameters. Once the parameters are extracted from data on the proton target, the soft function model can be used as a known input for the heavier nuclei.
In Fig. 13 (b) , we show the ratio R A for the Uranium target as a function of τ 1 . Again, the solid-red and blue-dashed curves correspond to using models I and II in Eq.(54) respectively. We see that in the ratio R A , the model dependence is greatly reduced as seen by large overlap of the two curves corresponding to the two different model soft functions. Thus, in addition to the reduction in the perturbative uncertainties, there is also a reduction in the uncertainty associated with the non-perturbative soft function, when considering the ratio R A .
V. CONCLUSIONS
In this paper, we studied electron-nucleus collisions with one final state jet e − + N A → J + X, as a probe of nuclear structure and dynamics. We used a factorization framework to calculate the cross-section differential in 1-jettiness (τ 1 ) and the transverse momentum (P J T ) and rapidity (y) of the jet. The 1-jettiness variable τ 1 is a global event shape that quantitatively characterizes the degree to which the final state looks 1-jet-like and provides enhanced sensitivity to radiation at wide angles from the jet and nuclear beam directions. A veto on additional jets is imposed by restricting to the region τ 1 P J T , allowing only soft radiation (E ∼ τ 1 ) between the beam and jet directions. This phase space restriction induces Sudakov jet-veto logarithms ∼ α n s ln 2n (τ 1 /P J T ) that can spoil the convergence of perturbation theory and requires resummation. Implementing the jet-veto and performing the resummation using the 1-jettiness global event shape, allows for better theoretical control compared to methods that depend on the details of a jet algorithm. This allows one to perform analytic calculations at higher orders in perturbation theory and resummation, allowing for improved accuracy. Distributions in τ 1 provide a quantitative measure of the hadronic activity or the pattern of radiation between the beam and jet directions. By studying this distribution for a range of nuclear targets and at different kinematics, one can probe various aspects of nuclear physics. At leading twist, the factorization formula takes the schematic form in Eqs. (9) and (10) and directly probes the nuclear PDFs. This can be understood by noting that in the region Λ QCD τ 1 P J T , the leading-twist cross-section is given entirely in terms of perturbatively calculable universal functions (independent of nuclear target) and the nuclear PDFs. Thus, comparing distributions in {τ 1 , P J T , y} for a range of nuclear targets and center of mass energies allows for a systematic study of the nuclear PDFs.
Power corrections beyond leading twist will probe dynamical nuclear effects such as higher twist correlations and nuclear modification effects such as jet quenching and energy loss mechanisms of fast-moving partons through cold nuclear matter. We gave a discussion of the various sources of power corrections and the ratios of energy scales that determine their sizes based on the power counting. The effective field theory framework allows one to systematically derive operator definitions of the power corrections to the leading twist factorization formula. We leave such a detailed study of power corrections for future work. From a phenomenological point of view, the size and shape of the various power corrections can be investigated by looking at the size of deviations between data and the leading twist prediction for a range of nuclear targets and kinematics. One typically expects that the nuclear-medium-induced power corrections will have a much larger effect for heavier nuclei and one might correspondingly expect larger deviations from the leading twist predictions for heavier nuclei.
As a first step, in this paper we give numerical results at leading twist with resummation at the next-to-next-leading (NNLL) logarithmic order for distributions in {τ 1 , P J T , y} for the nuclear targets: Carbon, Calcium, Iron, Gold, and Uranium. We also give results for the ratio of these distributions between heavy nuclei and the proton. We find that there is a dramatic reduction in the scale variation uncertainty, as expected, when considering such ratios of distributions. In the region τ 1 ∼ Λ QCD , the soft function in the leading twist formula becomes non-perturbative since the energy of the soft radiation has the scaling E ∼ τ 1 . In this case, we employed a model for the soft function such that it has the correct renormalization group properties and reduces to the perturbative result for τ 1 Λ QCD . Furthermore, this soft function is independent of the nuclear target. This universality can be exploited to extract the non-perturbative soft function from data on the proton target and then used for the case of heavier nuclei. We also showed that in the ratio of distributions between a heavy nucleus and the proton, the dependence on the parameters of the nonperturbative soft function model largely cancel.
Our leading twist numerical results indicate that distributions in {τ 1 , P J T , y} are quite sensitive to differences in the nuclear PDFs. By choosing appropriate kinematics one can probe various regions in Bjorken-x of the nuclear PDFs. This allows one to conduct studies of nuclear phenomena such as shadowing, anti-shadowing, and the EMC effect.
We conclude by noting that this is just a first step in using event shapes for exclusive jet production as a probe of nuclear dynamics. There are many further directions to pursue, including constructing new observables that are variants of the one we studied in order to probe nuclear dynamics in different ways. For example, one can be separately differential in the contributions to 1-jettiness from the beam and jet regions, employ a standard jet shape analysis while still retaining information about wide angle soft radiation, construct analogous observables in different reference frames, study exclusive multi-jet production, and perform detailed studies of the various nuclear-medium-induced power corrections. One might also consider extending such methods to studies of p-A and A-A collisions. We look forward to such further developments which can be part of the broad program of physics envisioned by the EIC and LHeC proposals for a future electron-ion collider.
where γ c is the anomalous dimension of the Wilson coefficient C(Q 2 , µ) which satisfies H(Q 2 , µ) = |C(Q 2 , µ)| 2 . The general form of the anomalous dimension γ c is γ c = (i,j)
where s ij = 2σ ij p i · p j + i0 and σ ij = +1 if the momenta p i and p j are both incoming or outgoing and σ ij = −1 otherwise. γ cusp is related to the cusp anomalous dimension in the the fundamental and adjoint representations Γ 
For NNLL resummation we need γ cusp [80, 81] , γ i [82] , and β [83, 84] 
and the beta function coefficients up to 3-loops are given by 
where the position space anomalous dimension is defined as γ B (y, µ) = dte −ity γ B (t, µ), γ J (y, µ) = ds e −iys γ J (s, µ), γ S (y, µ) = dk e −iky γ S (k, µ).
These position space anomalous dimensions take the general form γ B (y, µ) = 2C F γ cusp (α s ) ln(iyµ 2 e γ E ) + γ q (α s ),
The evolution equations in position space are given in terms of the evolution factors U i as 
